Abstract: This work concentrates on stagnation point ow of a nano uid over an impermeable stretching cylinder with mass transfer and slip e ects. Carbon nanotubes (CNTs) and water are used as a nano uid in the present investigation. Two types of CNTs are used as nanoparticles (i) Single-wall carbon nanotubes (SWCNTs) and (ii) multiwall carbon nanotubes (MWCNTs). Appropriate transformations are used to achieve a system of ordinary di erential equations. Convergent series solutions are obtained. Behavior of various parameters on the velocity, temperature and concentration pro les are discussed graphically. Numerical values of skin friction coe cient, Nusselt number and Sherwood number are computed and analyzed.
Introduction
In recent years development of human society greatly depends on the energy resources. Researchers and scientists are interested in exploring new energy resources and energy technologies in order to utilize solar energy (which when it reaches the earth is about 4x10 15 MW). This solar energy is 2000 times larger than the global energy consumption. Nano material (nano particles) was used for the rst time by Choi [1] to enhance thermal conductivity of uids and storage of energy. Solar thermal energy is very suitable, easily available and a friendly source for various heating processes in industries and technologies. Such processes cannot rely on energy of limited resources. A solar collector is a device which is used to convert solar radiation into heat energy. This heat energy is absorbed by the existing material in the solar collector. Solar energy can be used to heat water but the di culty of such technology is that it has low e ciency because water is used as an energy carrier in solar collectors. Water has a low heat transfer coe cient due to poor thermophysical properties. Therefore to enhance the e ciency of such collectors, a new class of uids known as nano uids has been investigated (see Said et al. [2] ). A nano uid is a mixture of a base uid and nanoparticles. It is used to enhance the rate of heat transfer of microelectronics, microchips in computers, fuel cells, transportation, biomedicine, food processing, solid state lightening and manufacturing. Most liquids such as water, ethylene, glycol oil etc. have low thermal conductivity. To increase the thermal conductivity of such materials suspended nano sized metallic particles (titanium, copper, gold, iron or their oxides) are used in the uids. Nanoparticles have various shapes for example spherical, rod-like or tubular. Rashidi et al. [3] examined magnetohydrodynamic ow of a nano uid induced by a rotating porous disk with entropy generation. Sheikholeslami et al. [4] presented heat transfer analysis of nano uid saturated with porous medium past a permeable stretching wall. Analysis of nano uid past an exponentially permeable sheet was investigated by Bhattacharyya and Layek [5] . Natural convection ow of nano uid with thermal management was studied by Sheikholeslami et al. [6] . Characteristics of mixed convection and Newtonian heating on ow of nano uid were examined by Imtiaz et al. [7] . Turkyilmazoglu [8] examined unsteady boundary layer ow of nano uid over a vertical at plate.
Analysis of stagnation point ow is still the main focus of researchers and scientists due to its many applications in engineering and industries. Such ows may be inviscid or viscous, two-dimensional or three-dimensional, symmetric or asymmetric, steady or unsteady, normal or oblique, forward or reverse, homogeneous or two immiscible uids (see Weidman and Putkaradze [9] ). Further such ows become more important in the presence of stretching/shrinking of the surface due to widespread ap-plications in engineering and industrial processes. Such processes involve glass bre production, hot rolling, wire drawing, metal and polymer extrusion, continuous casting etc. [10, 11] . Linear stretching is important in the process of extrusion from a die. Bhattacharyya and Vajravelu [12] presented boundary layer stagnation point ow over an exponentially shrinking sheet. Turkyilmazoglu and Pop [13] analyzed stagnation point ow of a Je rey uid induced by a stretching/shrinking sheet. Hayat et al. [14] investigated boundary layer stagnation point ow of an Oldroyd-B uid with thermal strati cation due to a linear stretching sheet. Mukhopadhyay [15] analyzed radiative stagnation point ow past a permeable stretching sheet with variable viscosity.
Most researchers investigated boundary layer ow of a nano uid over a stretching sheet using Cu, Ag, Al O nanoparticles. Our main objective is to analyze the behavior of a base uid (water) with single and multi-wall carbon nanotubes (SWCNT and MWCNT) over a stretching cylinder. The ow analysis is carried out in the region of a stagnation point. The partial slip condition holds in the present analysis. The surface of the cylinder is subjected to variable temperature and concentration. Series solutions are developed using the homotopy analysis method [16] [17] [18] [19] [20] [21] [22] [23] . In uence of various parameters on the skin friction coe cient, Nusselt and Sherwood numbers are explored numerically. Comparison is also made for the skin friction coe cient in the limiting case (i.e., ow of viscous uid past a stretching at plate without nanoparticles and slip e ects). Excellent agreement is achieved.
Mathematical formulation
Consider steady stagnation point ow of a nano uid by a stretching cylinder with slip conditions. Analysis of mass transfer is also carried out. Single and multiwall carbon nanotubes are used as nanoparticles and water is a base uid. Cylindrical coordinates are chosen in such a way that the x-axis is along the axial direction of the cylinder while the r-axis is normal to it. Temperature (Tw(x) = T + a x/l ) and concentration (Cw(x) = C + b x/l ) are assumed to vary linearly at the surface of the cylinder. This occurs in the processes of wire drawing, metal and polymer extrusion etc. Here linear stretching occurs and also distributions of temperature and concentration are linear [11] . Stretching velocity of the cylinder is produced by applying two forces equal in magnitude but opposite in direction. Using boundary layer ap-
, the conservation laws are reduced to the following forms
Boundary conditions are
In the above expressions u and v denote velocity components in the axial and radial directions respectively, R is the radius of a cylinder, Uw and Ue are stretching and free stream velocities respectively, ν nf is kinematic viscosity of the nano uid, α nf is thermal di usivity of the nano uid, D is mass di usivity, L, K and K are the slip coe cients for velocity, thermal and concentration respectively, T and C are temperature and concentration of the uid respectively, l is characteristic length, ρ is density, Tw and Cw are temperature and concentration at the surface respectively, T∞ and C∞ are temperature and concentration away from the surface respectively, a and b are dimensional constants, T and C are reference temperature and concentration respectively. We write
where µ nf is viscosity of nano uid, ϕ is nanoparticle volume fraction, ρ f and ρs are density of the uid and solid particles respectively, k f and k nf are thermal conductivities of uid and nanomaterial respectively. 
The incompressibility condition is satis ed automatically and Equations (2) to (5) are reduced to
The boundary conditions take the form
where γ is the curvature parameter, A is the ratio of velocities, Pr is the Prandtl number, S , S and S are the velocity, thermal and solutal slip parameters and Sc is the Schmidt number. These quantities are de ned as follows:
The skin friction coe cient, local Nusselt and Sherwood numbers are
The skin friction, local Nusselt number and Sherwood number in dimensionless form are
where Rex = Uwl/ν is the Reynolds number.
Homotopic solutions
Homotopy analysis method provides great freedom to choose the initial guess and linear operators. Initial guess is selected in such a way that boundary conditions are satis ed while linear operator is the linear part of the equation. Thus we have
where A i (i = − ) are arbitrary constants. The zeroth and mth order deformation problems are . Zeroth-order problem
where p ∈ [ , ] is embedding parameter and f , θ and ϕ are non-zero auxiliary parameters.
. mth-order deformation problems
For p = and p = , we can write
and with variation of p from to , f (η; p), θ (η; p) and φ (η; p) vary from initial solutions f (η), θ (η) and φ (η) to nal solutions f (η), θ(η) and ϕ(η) respectively. By Taylor's series we have
The value of the auxiliary parameter is chosen in such a way that the series (39) to (41) converge at p = i.e.
The general solutions (fm, θm, φm) of Equations (28) 
where constants A i (i = − ) through the boundary conditions (31) and ( ) have values
. Convergence analysis Liao [16] in 1992 proposed homotopy analysis technique for the series solutions of highly nonlinear problems. It provides great freedom to adjust and control the convergence region of series solutions. Therefore, we have plotted the -curves in Figures 1 and 2 . The admissible ranges of the auxiliary parameters f , θ and φ for the SWCNT case are − . ≤ f ≤ − . , − . ≤ θ ≤ − . and − . ≤ φ ≤ − . while for the MWCNT case these are − .
≤ f ≤ − . , − . ≤ θ ≤ − . and − . ≤ φ ≤ − . when γ = . , A = . , Sc = . , S = . , S = . and S = . . These are numerical values of the -curves for any xed value of the auxiliary parameter selected from the convergence region (see Figures 1 and 2 and these values ensure the convergence of series solutions.
. Discussion
In this section we examine the behavior of pertinent parameters on velocity, temperature and concentration proles for single-wall and multi-wall carbon nanotubes. The in uence of A on velocity pro le for SWCNT and MWCNT is presented in Figure 3 . The velocity pro le increases for A > and A < while boundary layer thickness has opposite e ects. For A = , there is no boundary layer because uid and cylinder move with the same velocity. Velocity pro le overlaps for both SWCNT and MWCNT. Behavior of curvature parameter γ on the velocity pro le is displayed in Figure 4 . The velocity pro le decreases near the surface of cylinder while increases far away from the surface. However velocity pro le is higher for multi-wall car- Table 2 : Convergence of series solutions for di erent order of approximations when γ = . , A = . , Sc = . , S = . , S = . and S = . . bon nanotubes than the single-wall carbon nanotubes. For higher values of the curvature parameter, the radius of the cylinder decreases which reduces contact area of the cylinder with the uid. Therefore the velocity pro le increases. Variation of nanoparticle volume fraction ϕ on velocity pro le is sketched in Figure 5 . Velocity pro le increases with an increase in nanoparticle volume fraction. Velocity distribution is higher for MWCNT. Figure 6 shows the in uence of velocity slip parameter S on velocity pro le. The velocity pro le and boundary layer thickness decrease for higher values of velocity slip parameter. Moreover velocity pro le is higher in the case of MWCNT. This is due to the fact that for higher velocity slip parameter adhesive force between the wall and uid particles decreases which provides resistance for transfer of stretching velocity to the uid. Therefore velocity distribution decreases. The e ect of ratio parameter A on temperature pro le is drawn in Figure 7 . Temperature and thermal boundary layer thickness decrease for higher values of ratio parameter in both (i) SWCNT (ii) MWCNT. The behavior of curvature parameter γ on temperature pro le is shown in Figure 8 . The temperature pro le decreases near the surface of cylinder while increases away from the surface. For higher values of the curvature parameter the radius of cylinder decreases which o ers less resistance. Therefore temperature near the surface of cylinder decreases. Figure 9 shows the inuence of velocity slip parameter S on temperature prole. Higher values of velocity slip parameter result in the enhancement of temperature and thermal boundary layer thickness. The temperature pro le is higher in the case of single-wall carbon nanotubes. Behavior of the thermal slip parameter S on the temperature pro le is sketched in Figure 10 . Temperature distribution and thermal boundary layer thickness decrease for higher values of thermal slip parameter. Heat transfer from the cylinder to the uid de- -.
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creases which results in the reduction of the temperature pro le. Higher temperature was noted for the single-wall carbon nanotubes. Characteristics of the curvature parameter γ on the concentration pro le is displayed in Figure 11 . Concentration pro le decreases near the surface of cylinder while increases away from the surface. Behavior of the solutal slip parameter S on the concentration pro le is visualized in Figure 12 . Concentration pro le decreases for higher values of the solutal slip parameter. The e ect of Schmidt number Sc on the concentration pro le is shown in Figure 13 . Decreasing behavior of the concentration prole is noted for larger Schmidt number. The solutal boundary layer thickness decreases. Mass di usivity decreases with an increase in Schmidt number. Therefore the concentration pro le decreases. Table 3 shows the in uence of pertinent parameters on the skin friction coe cient. The skin friction coe cient increases as γ and ϕ increase, while it decreases for larger values of A and S for both SWCNTs and MWCNTs. The skin friction coe cient is higher for SWCNTs when compared with MWCNTs. Table 4 presents variation of various parameters on the Nusselt number. Higher values of γ, A and smaller values of ϕ and S result in enhancement of the Nusselt number for both SWCNTs and MWCNTs. The Nusselt number is higher for MWCNTs for all parameters. Table 5 explores the e ects of di erent parameters on Sherwood number. The Sherwood number is higher for larger values of γ, Sc and smaller values of S for both SWCNTs and MWCNTs. The Sherwood number is higher for MWCNTs. Table 6 shows comparison of skin friction coecient with previous published data. The results are in good agreement.
Closing remarks
We have explored the characteristics of boundary layer stagnation point ow of a nano uid past a stretching cylinder using single-and multi-wall carbon nanotubes. Heat and mass transfer are examined with slip e ects. The main points of the present investigation are as follows: -Velocity pro le is higher for curvature parameter γ and nanoparticle volume fraction ϕ in the case of multi-wall carbon nanotubes compared to single-wall carbon nanotubes. -Higher values of velocity slip parameter S reduce the velocity pro le and associated boundary layer thickness. -Thermal and solutal slip parameters S and S result in the reduction of temperature and concentration pro les for both SWCNT and MWCNT cases. -Temperature and concentration pro les decrease near the surface of cylinder while these decrease away from the surface of cylinder.
